The photoperiod has a regulatory effect on the sexual development of mammals (1, 2). Whitsett et al. reported that the development of the sexual organs of male deer mice was accelerated by a long-day regimen and inhibited by a short-day or constant darkness regimen (3).
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Sunlight is one of the external factors that synchronize the circadian rhythm (an approx. 24-h rhythm) to the 24-h rhythm when the light-dark cycle is 24 h. If a mammal is kept under constant darkness, its biological functions will operate according its own biological clock; that is, a free-running rhythm will develop (4) .
We have been investigating the effects of various nutrients on sexual organ development in rats kept under constant darkness (5) (6) (7) (8) (9) (10) (11) (12) . The present study used a model in which the daily rhythm was free-running rather than a 24-h rhythm. We have a long-range plan to develop the model for use in further basic research and in experiments using other types of rhythm, to obtain data that will identify the most suitable nutritional requirements for human beings, who frequently do not live in accord with a 24-h cycle.
Some of our results by a factor analysis method showed that the sexual organ development of rats kept under constant darkness was inhibited by a low-protein diet, and the inhibition of sexual organ development was diminished by a sulfur amino acid-additive diet (5, 7) . All of these studies were performed on rats, not mice.
Recently, research about the daily rhythm and circadian rhythm has revealed that the clock genes control the biological rhythm (13) . Furthermore, it was reported that the clock genes participate in the onset of lifestylerelated disease (14) . There are also reports that the composition of diet and the meal times influence clock gene expression in the mouse liver (15, 16) . These studies all involved experimenting with mice.
Since we had conducted nutritional experiments using rats given the AIN-based diet (AIN-76, AIN-93G) (17) , we wanted to determine whether the nutritional data obtained during the constant darkness experiments using rats could also be applied to mice.
Based on our previous experimental results, the diet we tested in the present study was low in protein, with a 9% casein level to which sulfur amino acid, cystine, was added or not added. These diets were given to rats and mice kept under constant darkness. The amount cystine was adjusted to the 9% casein level to avoid amino acid imbalance.
93G diet (17). Mice and rats were then divided into four experimental groups receiving one of two kinds of diet under one of two kinds of lighting condition, respectively. No differences were found among the mean body weights of animals from any of these groups. The animals were kept under constant darkness (D-groups) or normal lighting (12-h light/dark cycle, N-groups) for 4 wk. Food intake and body weight were recorded every other day. The care of animals kept under constant darkness included lighting a red lamp for about 2 h; the lamp was for film development, and such lighting has been demonstrated not to cause a phase variation of circadian rhythms. The animals were housed in individual, stainless steel, wire-mesh-bottomed cages at 2261˚C and 5565% humidity, in a room free from specific pathogens. Food and distilled water were provided to all mice and rats ad libitum.
This study was conducted in accordance with the guidelines established by the Japanese Society of Nutrition and Food Science, and the experimental protocol was approved by the Institutional Animal Care and Use Committee of Ibaraki Christian University.
Diets. Two kinds of experimental diet were prepared ( Table 1) . The dietary protein level was low, with a 9% casein level, and cystine was added to the diet (9PC) or not added to the diet (9P). This 9% casein level is based on the report by Esashi (18) showing that a 9% casein diet greatly inhibited the sexual organ development when diets with three levels of casein (9%, 18% and 27%) were given to male rats kept under constant darkness.
The amount of added cystine was 0.135 g per 100 g diet, which was adjusted to the casein level to avoid amino acid imbalance. Other dietary components were based on the AIN-93G diet.
Analysis. After 4 wk of treatment, the blood, liver, kidney, spleen, and sexual organs (testes, epididymides, seminal vesicles, and prostate) were collected. The organs were weighed. Blood was centrifuged (3,000 rpm, 15 min, 4˚C), and the serum obtained was stored at 220˚C until analysis. Serum albumin concentrations were measured by the A/G-B test Wako (Wako Pure Chemical Industries, Ltd., Osaka, Japan).
Statistical analysis. Statistical analysis of the results of experiments with mice was done separately from that of the results of experiments with rats. The results of the experiments were analyzed by two-way analysis of variance (ANOVA), using two factors, lighting condition and diet. Fisher's least significant difference (LSD) test was then conducted as a multiple comparison test, using Stat View/Version 5.0 (SAS Institute, Inc., Cary, NC), when there was an interaction between lighting condition and diet. Differences among mean values were considered significant at p,0.05.
Results

Final body weight, total food intake, and food efficiency
Final body weights, total food intake, and food efficiency are shown in Table 2 . "Food efficiency" indicates the body weight gain divided by the amount of food In the mice, there were no effects of lighting condition or diet on the final body weight, total food intake, or food efficiency.
In the rats, the diet was observed to affect the final body weight and food intake. The final body weight and total food intake of the cystine-additive (9PC) diet groups had high values compared with those of the cystine non-additive (9P) diet groups. The lighting condition and diet were also observed to affect the food efficiency. The food efficiencies of the N-groups and the 9PC diet groups were high compared with those of the D-groups and the 9P diet groups. There was no effect of interaction between lighting condition and diet on the final body weight, total food intake, or food efficiency.
As shown in Fig. 2 , in the rats, the 9P diet groups began to show low body weights compared to the 9PC diet groups, from the 6th day onward. Regarding the food intake, the 9P diet groups showed high values compared to the 9PC diet groups on the 3rd day, but after the 3rd day, the 9PC diet groups showed high values except on the 20th and 22nd days.
In contrast, as shown in Fig. 1 , in the mice, no effects of lighting condition or diet on body weight gain were observed. As for the food intake, the D9PC group showed Body weight gain and food intake during experimental period of normal lighting group and constant darkness group in rats. These data are mean of each group. : normal lighting , 9P diet group (9P), : normal lighting, 9PC diet group (9PC), : constant darkness, 9P diet group (D9P), : constant darkness, 9PC diet group (D9PC). * From the 6th to the 29th, the 9PC diet groups are significantly higher than the 9P diet groups (p,0.01). a: On the 3rd day, the normal lighting groups and the 9P diet groups are significantly higher than the constant darkness groups and the 9PC diet groups (p,0.01). b: On the 6th, 8th, 10th, 13th, 25th and 27th day, the 9PC diet groups are significantly higher than the 9P diet groups (p,0.05). c: On the day 15th and 17th, there is significant difference between 9P and 9PC (p,0.05). d: On the day 29th, there are significant difference between 9P and 9PC, and between 9PC and D9PC (p,0.05). significantly lower food intake values compared to the 9PC and D9P groups on the 6th day (p,0.05), but there was no significant difference on other days. Liver, kidney, and spleen weights Weights of the liver, kidney, and spleen are shown in Table 3 . In the mice, there were no effects of lighting condition or diet on these organ weights. In the rats, the lighting condition and diet were observed to affect the absolute liver weight (g), and the weights of the N-groups and the 9PC diet groups showed high values. The lighting condition was also observed to affect the relative liver weight (g/100 g BW), and the weight of the N-groups showed high values. The lighting condition and diet were observed to affect the absolute weight (g) of kidneys, and the diet was observed to affect the relative weight (g/100 g BW) of kidneys. The diet was observed to affect both the absolute weight (g) and the relative weight (g/100 g BW) of the spleen, and these weights in the 9PC diet groups showed high values. There was no effect of the interaction between lighting condition and diet on these organ weights.
Sexual organ weights
Weights of the testes, epididymides, seminal vesicles, and prostate are shown in Table 4 . In the mice, the interaction between lighting condition and diet was observed to affect the seminal vesicle weight. In the N-groups, the seminal vesicle weight of mice fed the 9PC diet was higher than that of mice fed the 9P diet, but in the D-groups, there was no difference in the seminal vesicle weight among the diet groups. With regard to the testes, epididymides, and prostate weights, we observed no effects of lighting condition or diet.
In the rats, the lighting condition and diet, and the interaction between lighting condition and diet were observed to affect the absolute weights of testes and epididymides (g). With regard to the relative weights of testes and epididymides (g/100 g BW), the effects of the lighting condition and the interaction between lighting condition and diet were observed. In the N-groups, there was no difference in these weights among the diet groups, but in the D-groups, these weights of rats fed the 9PC diet were higher than those of rats fed the 9P diet. The lighting condition and diet were also observed to affect the seminal vesicle and prostate weights, and these weights in the N-groups and the 9PC diet groups showed high values.
Serum albumin concentrations
Serum albumin concentrations are shown in Table 5 . In the mice, the diet was observed to affect the serum albumin concentration; the 9P diet groups showed higher values than those of the 9PC diet groups. In the rats, the lighting condition and diet, and the interaction between lighting condition and diet were observed to affect the serum albumin concentration. The 9PC diet groups showed higher values than those of the 9P diet groups. In the 9P diet groups, there was no significant difference caused by the lighting condition, but the D-group showed a tendency toward a higher value than that of the N-group (p,0.06). On the other hand, in the 9PC diet groups, the D-group showed a significantly high value compared with that of the N-group.
Discussion
The AIN-93G diet has been adjusted to produce the optimal growth for growing rats and mice. This diet includes 20% casein and 0.3% cystine as a protein source. The amount of cystine, a sulfur amino acid, is low in casein; therefore, the addition of cystine to casein improves the amino acid balance, resulting in optimal growth (19) . In the experimental diet we used, the casein level was low, 9%, and cystine was added or was not added to it.
In the rats, the cystine addition to the 9% casein diet encouraged gains in body weight and food intake, and growth of the liver, kidneys, and spleen, indicating that the protein nutrition was improved by the addition of cystine. On the other hand, the cystine addition had no effect on the mice.
Elshorbagy et al. reported that the body weight gain in adult rats was increased by feeding a 10% casein diet to which 0.8% cystine was added (20) . In our experiment, we used a 9% casein diet to which 0.135% cystine was added, which was about 1/5 as much cystine as that in Elshorbagy's diet. It is possible that the diet we used did not contain enough cystine for mice growth. However, it was reported that Elshorbagy's diet had adverse effects on lipid metabolism and saccharometabolism, because of excess intake of cystine (20) .
We had preliminary evidence that there was no difference in the body weight gain in mice between the 20% casein diet to which was added 0.3% cystine (the same as the AIN-93G diet) and the 9% casein diet to which was added 0.135% cystine (unpublished). The combined results of the preliminary data and the present study's experimental data showed the possibility that the 9% casein diet was not low enough in protein to inhibit the growth of mice. Although the nitrogen balance test was not done in this experiment, the amounts of absorbed nitrogen and retained nitrogen should be compared between rats and mice in future studies of this type. In the present experiment, the growth rates of the mice and rats differed ( Table 2 ). The body weight gains of the mice were 9-12 g/4 wk (0.3-0.4 g/d), and those of the rats were 69-103 g/4 wk (2.4-3.6 g/d). The food efficiency of the mice was lower than that of rats: 0.060-0.078 and 0.233-0.344, respectively. The oxygen consumption-which can indicate the energy consumedhas been reported to be higher in mice compared to rats. For example, 3 L/kg/h (21) and 2.25-2.6 L/kg/h (22) were reported in mice, and 1.9 L/kg/h (23) in rats. One of the reasons for the low food efficiency values in mice may be their high energy consumption. We suspect that the reason that the diet did not influence the body weight in the mice in the present study was their low food efficiency and low body weight gain.
In an investigation of mice kept under constant darkness (24) , the beginning of the active period of wheelrunning activity shifted but the total amount of activity did not change. In the present study, we speculate that the low food efficiency of the rats in the D-group was not related to their activity level. Other factors are thought to account for this result, and thus further study is required.
It was reported that the body weights of rats vary within a single day: high during the light period and low during the dark period. For example, in 90-g Wistar rats, the body weight during the light period is about 5 g higher than that during the dark period (25) . This reflects the rhythm of food intake, in which rats eat more during dark periods.
In the present experiment, the body weight measurements in the L-and D-groups did not take into account the length of lapsed time after ingestion. Esashi et al. found that when rats were kept under constant darkness for 20 d, the peak ingestion time retreated for 4 h (26). Those authors also reported that the peak ingestion time was changed by the diet composition (26) . Since the length of the circadian rhythm of mice is shorter than that of rats (27) , we suspect that the ingestion rhythms of the present D-groups differed between the rats and mice. It is thus necessary to design an experiment which takes the ingestion rhythm into consideration.
The inhibition of gonadal development has been demonstrated in rats kept under constant darkness, and the inhibition was affected by the quantity and quality of dietary protein (5, 7) . In the present study, gonadal development of rats was also inhibited by keeping the rats under constant darkness, and the additional cystine improved the inhibition of the gonadal development. These results supported previous studies results (5, 7) .
In the case of mice, we observed no influence of either lighting condition or diet on the sexual organs, except for the seminal vesicles. We believe the protein levels of these experimental diets were sufficient for the development of the testes, epididymides, and prostate in mice. In the D-groups, the influence of cystine addition on seminal vesicle weight was not seen. However, in the N-groups, the seminal vesicle weight was clearly increased by cystine addition. The reason for the difference in the effects on seminal vesicles compared to the effects on other sexual organs is not known. The seminal vesicle weight per body weight of mice was about 10-fold greater than that of rats, so it is possible that the amount of protein required for seminal vesicle development may be higher than that required for the development of other sexual organs.
Melatonin, a pineal hormone, inhibits the development of sexual organs (28, 29) . The secretion of melatonin in rats is rhythmical; it rises during dark periods and falls during light periods (27) . However, the currently used laboratory strains of mice cannot synthesize melatonin (27) . In the present study, the constant-darkness condition inhibited the sexual organ development in rats, but not in mice. We suspect that the difference in the two species' melatonin influenced these results.
In this experiment, we altered the amount of dietary protein. Therefore, to evaluate the protein nutrition state, we measured the serum albumin concentration (30) . In the rats, the serum albumin concentration was increased by adding cystine, which meant that the protein nutrient state was improved. This result supported the results noted in a previous report (31) .
In contrast, in the mice, the serum albumin concentration was decreased by adding cystine to the diet. We concluded that the quantity of the added cystine was not suitable for mice, and their albumin synthesis in the liver was reduced. It is necessary in a future study to measure the albumin mRNA expression and other gene mRNA expressions which affect albumin synthesis in the liver (32) .
In the rats, the serum albumin concentration in the D-groups was higher than that in the N-groups. This was the concentration measured at the time of dissection (AM 11:00-12:00); the change of rhythm over a 24-h period was not analyzed. The albumin synthesis in the liver is adjusted by DBP (albumin promoter D-site binding protein), which shows a diurnal rhythm. The transcription of the albumin gene of rats shows a rhythm in which the level is high in the evening (just before the dark/activity period) and low in the morning (i.e., the light/rest period) (33) . It is thus possible that a high concentration of serum albumin also occurs in rats during activity (dark period). In this experiment, the serum albumin concentrations in the N-groups were analyzed during the light period, when the concentrations may have been low. On the other hand, in the D-groups, the serum albumin concentration over a 24-h period may have disappeared or shifted, so the concentrations in the D-groups may have appeared to be higher than that in the N-groups. It is necessary to conduct further studies of the relation between DBP and albumin synthesis and their rhythms under constant darkness.
This experiment showed that the suppression of sexual organ development in rats kept under constant darkness and fed a 9% casein diet was not seen in mice kept under constant darkness and fed the same diet. This means that the protein requirement differs in mice and rats, and the inhibition of sexual organ development in mice is not induced by the same diet composition as that causing the inhibition of sexual organ development in rats. It became clear that the nutritional results in our studies of rats cannot be applied directly to mice.
